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Abstract

Heterojunction bipolar transistors are used to measure vertical hole transport in narrow-bandgap

InAs/InAs1-xSbx type-II superlattices (T2SLs). Vertical hole mobilities (µh) are reported and found

to decrease rapidly from 360 cm2/V-s at 120 K to ≈ 2 cm2/V-s at 30 K, providing evidence that

holes are confined to localized states near the T2SL valence miniband edge at low temperatures.

Four distinct transport regimes are identified: (1) pure miniband transport, (2) miniband transport

degraded by temporary capture of holes in localized states, (3) hopping transport between localized

states in a mobility edge, and (4) hopping transport through defect states near the T2SL valence

miniband edge. Region (2) is found to have a thermal activation energy of ε2 = 36 meV, corre-

sponding to the energy range of a mobility edge. Region (3) is found to have a thermal activation

energy of ε3 = 16 meV, corresponding to the hopping transport activation energy. This description

of vertical hole transport is analogous to electronic transport observed in disordered amorphous

semiconductors displaying Anderson localization. For the T2SL, we postulate that localized states

are created by disorder in the group-V alloy of the InAs1-xSbx hole well causing fluctuations in the

T2SL valence band energy.
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I. INTRODUCTION

Charge carrier drift and diffusion in superlattices (SLs) is significantly different from

bulk charge transport due to the presence of the periodic potential wells along the growth

axis [1, 2]. In-plane transport, defined as transport parallel to the SL growth layers, can

be reminiscent of bulk transport in magnitude, but the limiting scattering mechanisms are

typically quite different [3]. Efficient vertical, otherwise known as perpendicular, transport

in a SL, however, relies on the transport through extended Bloch states along the SL growth

direction [4], which have strict criteria in order to exist [5]. This directionality in relation

to the SL layers is defined by the axes in Fig. 1(b). While SL in-plane transport can be

readily interrogated using Hall measurements [3], SL vertical transport remains a challenge

to measure. Direct measurements are typically reliant on ultrafast all-optical time-of-flight

experiments with structures engineered to capture diffusing charge carriers [1, 2, 6–9] or

electron beam induced microscopy measurements [10].

In this Letter, vertical minority carrier hole transport in infrared (IR) InAs/InAs1-xSbx

type-II superlattices (T2SLs) is measured using band-engineered heterojunction bipolar

transistor (HBT) devices, providing a simpler approach to measuring critical vertical trans-

port properties. Heterojunction bipolar transistors are quintessential minority carrier trans-

port devices [11] and provide an ideal platform with which to study fundamental transport

properties in these narrow-bandgap T2SL structures. InAs/InAs1-xSbx T2SLs are them-

selves of considerable interest for next-generation IR photodetectors due to their realization

of long minority carrier lifetimes (τMC) [12–14].

However, little is known about the fundamental transport behavior along the growth

direction in InAs/InAs1-xSbx T2SLs. Additionally, current state-of-the-art photodetector

architectures utilize a nBn design [15], which use holes as the carriers of the photocurrent.

Vertical hole transport is therefore critical to measure in this material system. While verti-

cal transport in n-type InAs/InAs1-xSbx T2SLs has been previously measured [10], no clear

picture of how the vertical hole transport proceeds in this material is yet available. Here,

both electrical and optical measurements on T2SL HBT devices are used to characterize the

vertical hole mobility over a range of temperatures. The experimental results indicate that

carrier localization [2] plays an important role in the vertical hole transport and suggest the

presence of a mobility edge and defect level through which hopping transport occurs, analo-
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FIG. 1. (a) Schematic of the type-II superlattice (T2SL) heterojunction bipolar transistor (HBT)

epitaxial growth structure. (b) Zoomed view of the T2SL layers with the axes defining the transport

directions: x,y are the in-plane directions and z is the vertical direction. (c) 18 K photolumines-

cence from the HBT structures demonstrating the long-wave infrared bandgap energy of the T2SL

layers. (d) Electrical schematic of the T2SL HBT device in the common-base configuration with

the various currents identified.

gous to electronic transport in amorphous semiconductors displaying Anderson localization

[16].

II. SAMPLE AND METHODS

The HBT devices are grown by molecular beam epitaxy (MBE) on a tellurium-doped

n-type GaSb substrate with a (100) orientation. Fig. 1(a)-(b) show the epitaxial growth

stack. The T2SL layers, entailing the emitter, base, and collector regions, all consist of a

repeating sequence of 102.6 Å InAs0.97Sb0.03/18.9 Å InAs0.55Sb0.45. The slight residual Sb

content in the InAs layer is due to Sb cross-incorporation from the alloy layers into the InAs

layers during growth [17]. Equilibrium majority electron concentrations of approximately

0.5−1.0×1015 cm−3 are typical in not intentionally doped (nid) n-type T2SL layers from this

MBE reactor. Low temperature photoluminescence (PL) spectra, shown in Fig. 1(c), of the
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HBT structures exhibit strong IR emission with a peak wavelength of 12.5 µm, consistent

with the predicted bandgap for this T2SL structure [18].

FIG. 2. Dependence that the injected heavy hole diffusion component of IC has on the base-

collector voltage at 60 K. Individual curves are for different constant emitter currents. The inset

shows the 60 K common base current gain for the same emitter currents.

Under operation, the emitter-base junction is forward biased to inject holes into the

n-type T2SL base region. These holes either diffuse across the base region to the base-

collector junction and make up the emitter hole diffusion component (iECp) of the total

collector current (IC), or recombine in the base. Wide bandgap layers integrated into the

HBT junctions are engineered to block the flow of parasitic electron currents, shown in

Fig. 1(d), while allowing hole currents to flow unimpeded. The component of IC related to

injected holes diffusing across the thick T2SL base region is thus iECp = IC − iBCp, where

iBCp is the hole current arising from charge generation in the base.

The hole diffusion current is shown in Fig. 2 at a temperature of 60 K for different

emitter currents. Collection of diffusing holes begins at VBC ≈ −0.25 V and requires VBC ≈

−0.4 V to reach saturation. For larger reverse biases, iECp monotonically increases. This

effect is attributed to narrowing of the nid T2SL base region at large VBC [11], which has

been confirmed by capacitance-voltage (C-V) measurements. Both the emitter and collector

contacts have thin stand-off regions to ensure depletion of the nid T2SL base region is

minimal at small biases. The C-V measurements confirm that the T2SL base region remains

relatively undepleted at VBC = −0.4 V such that the hole transport distance can be set equal

to the base thickness of 3 µm.
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III. EXPERIMENTAL RESULTS

The fraction of injected holes able to diffuse across the T2SL base region and be collected

is the common base current gain (α0), expressed as [11],

α0 =
iECp

IE
=

IC − iBCp

IE
. (1)

The inset to Fig. 2 shows α0 for the 60 K data. The vertical hole diffusion length (Ld) is

readily determined from α0 using [11],

α0 =
1

cosh(W/Ld)
, (2)

whereW is the undepleted base thickness of 3 µm. The diffusion length of interest is taken at

VBC = −0.4 V, the base-collector voltage at which iECp is fully collected. We have assumed

that the emitter efficiency for these HBT devices is approximately 1. For the 60 K data

shown Ld = 1.16 µm.

The temperature dependence of α0 is shown in Fig. 3. For clarity of viewing, not all

temperatures have been plotted. For all temperatures measured, though, a similar bias

of VBC = −0.4 V is required to fully extract iECp. A steady decrease in the magnitude

of α0, regardless of VBC , as the temperature decreases is also observed. Ultimately, for

temperatures below 40 K, only a small fraction of the injected holes are able to diffuse

across the T2SL base region before recombining.

FIG. 3. Temperature dependence of the common base current gain.

5



FIG. 4. Heavy hole diffusion length as a function of emitter current at three different temperatures.

The dependence that the vertical hole diffusion length has with IE is shown in Fig. 4.

Low temperatures are shown as, due to the low vertical diffusivity, ensuring minority carrier

injection is suspected to be more challenging. The diffusion lengths are observed to level off

to a relatively constant value as the emitter current is decreased, approaching near constant

values for IE less than a few 10−5 A. This indicates that the heavy hole concentration in

the narrow-bandgap T2SL base region is approaching a low injection, or minority carrier

transport/recombination, regime [12]. Additional measurements and modeling are necessary

to confirm low injection at these currents, to fully understand the observed structure in the

data at higher injection levels, and to potentially extract more information from the material.

Fig. 5 shows the resulting temperature dependence of Ld, which explicitly displays the

degradation of the vertical hole transport and also that Ld becomes relatively independent

of the temperature below 35 K. The peak observed in Ld at 110 K is hypothesized to be

caused by more common scattering mechanisms limiting the vertical hole transport and will

be discussed in a later section.

Also shown in Fig. 5 are τMC in the T2SL base region, measured using time-resolved

microwave reflectance on the HBT samples [12, 18]. Interestingly, while Ld decreases from

2.55 µm to 0.28 µm from 110 K to 20 K, τMC increases from 20 ns to 227 ns over the same

temperature range. Since the vertical hole diffusion coefficient (Dh) in this case is equal to

L2
d/τMC [19, 20], these opposite trends amplify the degradation to the vertical hole transport.

In fact, Dh drops by three orders-of-magnitude over a 90 K temperature range, decreasing

from 3.28 cm2/s at 110 K to 0.0036 cm2/s at 20 K.

In Fig. 6, vertical hole mobilities (µh) are shown, determined using Einsteins Relation
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µh = (qDh)/(kBT ), where q is the electronic charge, kB is Boltzmanns constant, and T is

the temperature [19]. From Fig. 4, we can assume that nondegenerate conditions apply and

Einstein’s Relation in the form stated is valid. A rapid decrease in µh from 360 cm2/V-s

at 120 K to ≈ 2 cm2/V-s at 30 K is observed. Four distinct temperature regions are also

identified, labeled (1)-(4) in Fig. 6. Regions (2) and (3) each display thermal activation-like

behavior, while region (4) is relatively constant with temperature. Transitions between these

different regions occur at T1 = 110 K, T2 = 67 K and T3 = 33 K.

FIG. 5. Temperature dependence of the vertical heavy hole diffusion length and minority carrier

lifetime in the narrow-bandgap n-type T2SL base region of the HBT devices.

IV. DISCUSSION

The mobility temperature trend is similar to electronic transport in amorphous silicon [21]

and vertical charge transport in disordered SLs [2]. The vertical hole transport is interpreted

in the following manner. At temperatures greater than T1 = 110 K, corresponding to region

(1), vertical hole transport occurs through extended Bloch states that make up the SL heavy

hole miniband. The mobilities measured at 120 K and 110 K are 360 cm2/V-s and 345

cm2/V-s, respectively, where the 120 K mobility deviates notably from the slope in region

(2). We hypothesize that this deviation is due to a more typical scattering mechanism, such

as acoustic phonon scattering (µAS) which scales as T−3/2 [22], beginning to limit µh.

The hole scattering time (τh) is related to µh by,

µh =
q

mh
τh, (3)
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where mh is the heavy hole effective mass along vertical direction, calculated from the T2SL

electronic band structure [18] as mh = 186m0, where m0 being the free electron mass. Using

Eq. 3, a scattering time of 38 ps is found at 120 K. For extended Bloch states to be supported

the following condition must also be met [5],

∆d

h̄
τh > d, (4)

where ∆ is the SL heavy hole miniband width and d is the SL period thickness. This

equation states that the mean free path length for, in this case, holes must be greater than

d in order for transport to occur through extended Bloch states [5]. When this condition is

not met, the holes become localized [5]. Using Eq. 4, the mean free path length for holes is

at least 140 nm at 120 K, using a miniband width of 0.2 meV calculated from the dispersion

of the heavy hole band in the electronic band structure [18], which is significantly longer

than the SL period thickness of 12.09 nm. Transport of holes purely through extended Bloch

states is therefore likely at temperatures greater than 110 K, supporting the relatively large

µh measured at these temperatures.

Ionized impurity scattering (µIS), a common scattering mechanism which scales as T 3/2

[22], was initially thought to account for the measured temperature dependence of µh. How-

ever, as shown by the generalized curve for µIS in Fig. 6, this scattering mechanism cannot

account for the drastic temperature dependence observed in µh. We instead attribute the

temperature trend in region (2) to the thermal energy being small enough that holes in-

teract with localized states near the T2SL valence miniband edge (Ev) created by disorder

in the SL structure. In region (2), µh is a trap-controlled mobility with holes becoming

immobilized in localized states for short periods of time. This type of transport has the

form µ ∝ e(E−Ev)/kBT , where ε2 = E −Ev is the energy range of the localized states [23]. A

fit of this form to region (2) provides an activation energy ε2 = 36 meV and, as depicted in

the inset to Fig. 6, corresponds to a mobility edge that extends into the T2SL bandgap.

As the temperature decreases further, holes become trapped in the localized states for

longer periods of time. Eventually, for temperatures within region (3), the mean free path

length for holes becomes less than d and they are fully localized. The transition between

these two regions is noted by the shift in the slope of µh occurring at T2 and corresponding

change in activation energy from ε2 to ε3 = 16 meV. A similar transition is observed in

amorphous silicon [21]. Vertical hole transport in region (3) occurs instead via phonon-
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assisted hopping transport between adjacent localized states [1, 2, 9, 24–26]. In this case,

ε3 is the hopping activation energy [21, 23]. The assertion that the holes are fully localized

in region (3) is supported by the condition imposed by Eq. 4, which predicts that transport

through extended Bloch states will no longer occur for a hole scattering time of 3.3 ps,

corresponding to a critical mobility of µh ≈ 26 cm2/V-s. This deduced mobility at the

transition from trap-controlled miniband transport to hopping transport agrees well with

the mobility found at T2.

FIG. 6. Vertical hole mobilities (filled circles) measured in the narrow-bandgap type-II superlattice

(T2SL). Four distinct regions are identified, separated by transition temperatures T1, T2, and T3.

Regions (2) and (3) are labeled with their respective activation energies. The blue and red dashed-

dotted curves correspond to generalized temperature trends of ionized impurity (µIS ∝ T 3/2) and

acoustic phonon (µAS ∝ T−3/2) scattering, respectively, scaled arbitrarily. The inset illustrates the

hypothesized energy range of the available states, where gray regions correspond to localized states.

The activation energy ε2 corresponds to a mobility edge extending above the T2SL valence band

edge (Ev). The defect level depicted at energies above ε2 corresponds to the hopping mobilities in

region (4).

At T3, µh again deviates from the behavior of the previous region and becomes relatively

constant with temperature. We speculate that in region (4), the vertical hole transport

occurs via hopping between defect states in a defect level near the T2SL valence miniband

edge [8]. According to Mott and Davis, this type of transport should indeed have a weak
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temperature dependence [23]. However, with the limited data in region (4) we cannot make

any further assertions to the character of transport in this temperature range. What is

certain, though, is that vertical hole transport is severely impeded at temperatures less than

T3.

It has been recently hypothesized that monolayer-type fluctuations in the SL layer thick-

nesses are strong enough to induce localization in InAs/InAs1-xSbx T2SLs [27]. We note that

both interlayer and intralayer thickness fluctuations, and phonon scattering [5], could all po-

tentially induce carrier localization. The effect of donor atoms themselves have also been

predicted to destroy hole transport in narrow-bandgap T2SLs [28]. A recent microscopy

study by Wood et al. on InAs/InAs1-xSbx T2SLs also showed significant disorder due to Sb

segregation.

A likely source for the hole localization observed here is from fluctuations in T2SL valence

band energy associated with disorder in the group-V alloy in the InAs1-xSbx hole well. A

wave packet associated with a hole at 30 K would have an approximate size L of order L =
√

h̄2/(2m∗kBT ), corresponding to L ≈6 nm. The number of group-V atoms in a volume of

this size is ≈104, corresponding to a statistical fluctuation in that number of approximately

1%. The variation in Ev associated with 1% change in group-V alloy composition can be

estimated from the alloy band offsets and is ≈ 2×101 meV in this case, which is reasonable

considering InAs1-xSbx has large band bowing parameters [29]. Larger fluctuations may be

seen at higher temperatures or if clustering is evident within the group-V alloy, which also

seems likely [17]. For our purposes, this estimate suggests that the localization energies ε2

and ε3 are plausible.

V. CONCLUSION

Heterojunction bipolar transistor devices consisting of narrow-bandgap InAs/InAs1-xSbx

T2SL emitter, base, and collector regions are used to measure vertical hole transport in

the T2SL base region. In order to elucidate fundamental transport physics, the diffusion

measurements are combined with optical measurements of minority carrier lifetimes in the

same devices to determine the vertical hole mobilities. Four distinct regions to the vertical

hole transport are identified and are explained as an effect of the holes becoming increasingly

trapped in localized states near the T2SL valence band edge. At low temperatures, hopping

10



transport is the dominant transport mechanism. We hypothesize that disorder in the T2SL

structure, caused by disorder in the group-V alloy in the InAs1-xSbx hole well, leads to a great

enough fluctuation of the T2SL valence band energy to induce the observed localization.

The similarities between vertical hole transport reported in this Letter for narrow-bandgap

InAs/InAs1-xSbx T2SLs and electronic transport observed in amorphous semiconductors

and other disordered SLs is striking, suggesting that disorder in the InAs/InAs1-xSbx T2SL

structure has a profound impact on vertical hole transport in this emerging IR material

system.
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